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ABSTRACT

A frequently observed ship wake feat~ure in Syrthetic Aperture

ýadar ISAR) images is a dark, narrow l:ine along th,ýe ship track,

These f eat-ures have been termed turbu,ý: et WaKeS , al thOUgh i t is S ot

c Iear that turloulerce alone is res~or~sibie for their appearance.t

has been suaqested that vortices pruocu.~ed by the Snip's hu" -ray ne

res:)ns~ble for the sj-,pression of surface waves near the ship. I-racx

a,^6 an ennancement of the waves near tne ecc,,e of tne s,-cotneC area-.

The primary purpose of; the-.study reported here w as to use a

hy'drodyna~mic mrodel for ship-generated vortices as input to existi~ng

radar backsCatter oCdels, and to use this hybrid model to produce

simLiated SAR ship wake signatures for comnparison with actual mea-

surerrent-s. For the limrited numbter of cases considerid, the simulated

wake signatures agreed c-lo-sely to t'nose observed in actual SAR aata.

Our resu'ts also indicated that thne 550AR signatures are related to tne

vortex cirrents und.er 1.3w oiiru cond-i.icns and tC thIe stra-n rates

associated Nitfl the sn~lQ-gereratec vortices under ngch Anos.

~dditcra~studies :n~c1.CdeJ 1.e racarrec3i zeree

SAR sn~ip 4a<e features as well- as -ýxa~miPatior of the -0&u as

4or-r. of a srip wake image for 4rfo-atior wHich coulc 1,e ýsec in an

iuto.-itie i eterct on. algori thn.
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!NTRODUCTION

Ship 4ake patterns exhibiting a wide diversity of appearance have

been noted on Synthetic Aperture Radar (SAR) images collected with

various SySteIS under a broad range of environmental conditions, is

a result of a careful examination of the available data and a cata-

loging of these observations, in addition to several recent theo-

retical analyses, it aopears that the wake Structures within the

existing Oody of observational data can be classified into tnree

genera! categories of phenomena as shown i. --gure 1. These Oat-

ýories incluce: lu surface 4aves generated directly by the snIc,

(2) turbulent wakes or vortices containing relatively persistent but

non-propagating currents, which are visible by SAR through the inter-

action of abient waves with these surface currents, and (3) inter-

nal waves generated by the ship, which again are visible because of

their interactions with short surface waves. ERIM is actively

involved in all three phases of SAR ship wake studies. An earlier

study (Lyden, et al., 1985a), carefullv examined tne SAR imaginea

characteristics of ship-generated surface waves. That study •nZi_

zatec. tat the brignt, narrow V-wakes ýo.served ben.rid snIPs ,r'.Z-

iow mind corditions could be adequately explained by a first-crder

Braag scattering mechanism. ER.M has also performed research into

shiP-generated internal waves (Lyder, 1985b).

-,e purpose of the study reported here has been to investgate

the narrow dark lands frequentiy cbserved -n SAR imagery exterc'no

nen-nd mcving snips. These ea:tures occur when the ocean surface is

sutic enji r unr to yield a measurablE radar return, wrCn -;S

suppressed in the region near tne sniP track. The suppress rn 's

frequentyv more oronounced at _-,and ('2.5 cm OavelenQth) than at

-1,.2 ' ' wdve'engthK, anr is sometimes acccmpaniea ,y a ýcrzn"

!ne on -ne or )otn edges of the nark area. An example -iese
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-. .. Surface Ship Wake%

Sh1-Gerad tTurbulent or Vatax Sh Ip-Gerated
Surface Waves Wakes Intent Wav*S

Smal4-Scale Laigcl 00F4i1nq on I- S...

- Edges (Modorate to and Stratlflcation
(Bragg) waves Kelvin) k migh " ) Conditlons (Modertat Winds)

Bright. harow Classical Kelvin
V-Wakes Wake (Moderate

(Low Winds) Winds)

Figure Cvervý:ew of Shio Wake Generation 4echanisms
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features is shown in Figure 2 for simultaneously obtained L- and

X-band imagery,

The features described above have been termed turbulent wakes

(Shuchman, et al., 1983), although it is not clear that turbulence

alone is responsible for the appearance of these features. The

effects of turbulent currents on surface waves are not well under-

stood and the persistence of the phenomenon is somewhat problematic.

It has been suggested that horizontal vortices produced at the edges

of the ship's hull, as well as a net rearward velocity within the

turbulent wake, may be responsible for the suppression of surface

waves near the ship track and an ennancement of the waves near the

edges of the smoothed area (Swanson, 1984). These characteristics

are shown graphically in Figure 3. The vortex mechanism would also

help explain the persistence of turbulent wake features in SAR

imagery. Turbulent wake features have been observed extending up to

20 km aft of the generating ship in Seasat imagery.

In this study, a first attempt is made at using a hydrodynamic

model or these vortices as input to existing radar backscatter

models, 3nd to use this hybrid model to produce simulated SAR wake

signatures for comparison with actual measurements. Presented below

is d description of the hydrodynamic and radar backscatter models we

employed. This is followed by a detailed quantitative comparison for

a single data set which appears to validate the application of this

model.

he model was then exercised to predict the expected SAR signa-

ture for several hypothetical ship, SAR, and environmental condi-

tions. These results can be used to aid in the design of an optimum

SAR system for the detection of these wakes. This is followed by a

presentation of several SAW images which appear to qualitatively

agree with model predictions. Also presented in this report is an

investigation into the effects of SAR resolution on ship wake

3
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,,WIND (7 m/s)

X-Band
1 km

Figure 2. Simultaneously Obtained L- and X-Band Optical

SAP Imagery of a Turbulent Wake Feature
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SHIP

SuAFACE -ýARENTS •%E 0 vc0::•S
P IYPCALLY 1 .00 C-iiS

(T'•PICAL.LY I 10 ctlO s)

-ARK APEA

LULL iORTCIS

.NOT "O SCALE.

Figure 3. Diagram of Turbulent wake Structure Showing Possible Role

of Vortices and Net Rear'ard Velocity Within Turbulent

Region (after Swanson, 1984)
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detection as well as a study on the use of the 'ourier transform of a

SAR ship wake image for detection applications. Finally, a conclu-

sions and recormendations section is presented. Included as ar,

appendix is a discussion on the detectability of surface patterns ir

SAR imagery.

6
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2
SAR MODELING OF VORTEX WAKES

In. this section, a description of the hydrodynamic model for the

vortex wakes is given as well as a description of the radar back-

scatter moael we utilized in our simulations. This is followed by a

quantitative comparison of a simulated wake signature with act-al

measurements for a case where the various ship and environmentai

par3meters were well known. A series of simulations were also oer-

formed to 'elp deterine an. optimum SAR configuration for the cerec-

tion of vortex Make features. Several SAR images of turbulent qaKe

featjres are also presented which qualitatively suppor* tne vor'ex

mechanism. Finally, a brief .nvestigation of the effects of SAR

resolution on ship wake detection i1 presented, as well as a discr_$-s

sion On using the ,Aurier transform of a ship wake image for detec-

tion purposes.

2.1 HYDRODYNAMIC MODELS

The hydrodynamic aspects of our study can be grouped into tno

categories. The irst is th r maniestation of surface currerts

through vortex gefleration. The second 's the interactton oo tnese

currents w't te sn;Sort-ae Bragg Males *hich produce t rcar

ýaokscatter. Each of these topics is discussed be ow.

2.11.1 VORTEX WAKE MODEL

The components of the .. roposed iortex naKe mocel are V"lus'rscec

'n -ioure 4. :nr this figure, a ship is shown travel ing trcýuonon

nater at steacy sceec U_. It radiates a Kevin iaKe. nhiclh car-res

away fornarc momentum. The turbulent , axe produced vy one sn-o

therefore tave a !et rearward momentum, as snown ntr '-r,? r

Ha avdito, a vortex pair is produced by the svp ru2 'i, n aicn C3uSeS

a oanne in tne lateral flcw fiel.d beind the ship. And fina" 4,

7
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when a strong ther.mocline is present, the flow field of the vortex

pair ca•n iteract with it, causing pressure and velCcity changes at

deptns which generate internal waves. All of these hydrodyn amic

phenomena give rise to horizontal currents at the ocean surface which
interact with surface waves to produce changes I, surface roughness

which are potential ly detectable by SAq. The present report con-

siders only the effects of tHe ivortex pair.

A ship generates a flow fie'd due to a vortex pair Nhicn is oror

duced and shed by the hull. :n al displace1ent stiS, the a

ru st acce':eate as it passes aroun th bottom of the srhi 0 Iv,, 3s

illustrated in Figure 5. This gives rise to a pressure drop along

the bottom of most of the hull, due to the Bernoulli Effect. This

effect has been confirmed on ship hulls by numerous measurements, and

gives rise to a negative lift, or downward force which is well-known

to naval architects as "sinkage-in-trim" or "squat." This force

causes toe ship to ride 'ower in the water at higher speeds.

This force L can be described approximately by

o 2, •~ \ s 2/:

nr~ere ' is the sh'ip team, Z its length, the water derls'.ty, Us the

Sfl1 soeea, arc C a coefficient -etqeen 3. air 0.31, eQena•ig a np
hull snace. 7re coefficienr t C has beer estimated asp

3~ 2.p 7 . Z

Cr,..m t.e the or f ift, it can te shown that tnis f.orce mu;st 2tve

r'se to the sneddir- c of at least one vortex pair, and the total0 --

cJ!at'on 7 i^ the vortex must be

nrere F ,s a constant approximately equal to 2.75, ar sno `,ro t-e

cist ibutron bt or, t on toe ui1 o t'he ship.

9
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Origin of Bernoulli Pressure Drop

us /

Increase
Pressure Drop Due to

Bernoulli Effect

Figure 5. Scnienatic Showing How Velocity !ncreases and Pressure

Cecr-eases Beneath Hull of Displacem~ent Ship (fromi

Swanson, 1,984)
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Tihe defin, itior, of circulation r is that it is the total inte-

grated vorticity Per unit length along track in one of the vortices.

When the vorticity in such a vortex is highly localIzed im- tne vortex

core, the velocity flow field due to the vortex car be described very

simply as a tangential velocity field V by

V (AN

0 2r

where r is tr.e circulation ir the vortex, and r is the radijs to the

vortex center.

The vortices shed by t.ne hu'l Mwi1 have the geometry and or 4 erta-

tion shown in Figure 5. This will produce upwasn in the center of

the wake behind th• ship, and generate a spreading or diverging flow

in the wake center at the surface. This lateral surface velocity is

designated Vy.

Because the boundary condition for the water surface is that the

flow must be primarily horizontal, a pair of image vortices are

required above the surface to satisfy this condition. The Thter-

action of the huMl vortices with their Knaces causes a lateri' motiln

-f the ul I vortices away from one 3notrer The latera' sr) a'r:

soeed V of the huV vortex core wiM te

C z

Here, z is the equ iibrium Cepth of the vortex. it can be shown that

ea cn vortex comes to an equilibrium depth of about 7i2, -Anch 'S Verv

close to the ..1PDt-h at 4ni h it is produced, and consequent v Its

motic n after sheddi q Is PrImarlly horizontal.

The res'' ing latera' ve'occty .. e eld V at the sur'ace I e >

7

YY

I -- --'i -' -2LV + ( - • /• ' + j T,. i ',

11
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Coordinate System for Hull Vortices

z

Figure 6. Cef�nit�0n of Mo�e� Cooi-�inates (fran Swanson, 1984)
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.H~ere i is trne laterai separation distance between the vortices, Z is

tne depth of the vortices, and y is the lateral distance from wake

centerline orn the surface. As a result of this ana'lysis, we see thaat

the vortex pair generates a lateral spreaoing velocity on the surface

behind the ship, and this current will also have an effect on the

amp',"tude of any surface waves which are present, thereby offeri.mg

Soss bi4ity of detection by SAR. The interaction of these iortex-

induced surface currents with small-scale surface waves will be dis-

cussed in the next section.

2.1.2 WAV E-^-CjPRRE NT :'N'T E RACT :0%N

The microwave reflectivity of the ocean surface is primarily a

function of the small-scale (centimeters and decimeters) surface

roughness. -or incidence angles between about 20' and 70', Sracc

scat-tering s believed to be the dominant scattering .mechan, ism. :ne

Bragg scattering model yields a radar cross section per unit area

(for the backScatter case with the plane of incidence perpendicular

to the y-axis) of

) 4•k 4 ! ''2 "

= e; 1k S2 , U':

here k is .ne electroagnet ic wavenueerrbe, e is the ici cence arcle,

4(< k s tne wave heignt scectraI density, 3 r \a, qre

scattering coe'ficients (Valenzue>a, 1978). Thus, to first order,

tne backscattered power is Proportional to tne surface 'ave soeera

censity at tne Bragg wavenumrer

K - (2k s'n , r )

For tre puroses o, our wa~e studies, wne are iterested in the c-are

of spectral ensity of racqq 4aves at each D oint in tne voc--

p-ro-duced cuýr-ant oatnand. whethler tflese cnanges are cbse-vaz'-e t!
a SAR,

13
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To achileve this, a .*oniputer prograM ý,aS been written and impie-

,nented on a Z en it Mo del1 100 m.i cr o comp ulter. This program was imi-

t Ial y written for use in internal wave studies and is described In

detai I by LyzenMga (1984). in summary, this programn solves for an

initi.al waveletigth outside the current pattern correspond ̀ ng to the

Bragg waves at each point in the cuirrent pattern. The programn cal-~

culates, the change in spectral density for these waves due to current

interactilons. 1-he basis for th1ese Caculations is the corservatirn

of Nave actio.n soectral density (Ph"Ilips, 1977) which is definei as

F C<

where F is the wave height Spectrum and w is the radian wave fe

quency [w (9k) ;2 he wave height spectral densilty at eaui-

librium is assumed to be given by the Phillips spectrum

F0()=Ak-4  (10)

so the wave action spectral density at equilibriumn is

1 -l, -4.5

."e Cevýa t ion 'r-r" tthe equ 'ýorium st3te 's s oec IF ýeo- b y tre S cec:r

;e tur~aticn f, mhic" i s defined as

N 0 ('9)

Note that this Perturbation furct,.zn acoi~es to the wave he~ght soec-

trumT as me~l I, 0tnus, the perturtat ýor. is .,4rectly related to0 *ne

expected. ch~anoe in radar DaCxscatter -basedý on a 3ragg scitte~ror

-rosýe. ~.( To relate this *ertjr~atior value to the ýicre .-om-

mo10njy used bcsatrC-ana~e r c deI es, one would simplyuete

re10, a-ins

14
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Several points should be clari fied regarding this approach. The

in itiaI wave cornditiorns are based on a Ph 11 1i ps spectrum, which

assumes that the waves are saturated, This mray not be true at low
wind speeds. Also, it is not clear how mHuch 4aves can. grow beyon'd

sat~uration before the onset of breaking. This would m~nimize the

effects of positive perturbations calculated by our mnodel. it snould
be mentioned tHat the wind growth /re! axati on rates used in our m-,odel
were based on) the Noork of Hýughes ('97B',. Fin aly Ie Ihu Inote

that C nity Itr an Sve r se currents associated w ith the shio,,-genqeated
vortices nave been ccnsi,-erecý. We have not included the effects of

tne rearward axial current in this Acrk.

2.2 MODEL RESULTS

Sn c Iu ded in this sectlior is a dletailed comparison between our
model predictions and actuall measurements made on data collected

during the 1983 Georgia ISt ra it Exper imen t. Also included a re a
series of model calculations of wake detectability for a iarietv Of

ship, radar, and envlronmerta' pari--eters. These results can te 6sed

to cee~ea ptiu es r ccfguraticn for vortex aec -

t ýon. - several SAR im-ages of ship vakes ar, presented aroý

u`scu:sse' .vithin the context of tre vortex wake -mclei.

2..1 CTA- -D CCMPAR:IzCN

A t~h cu -h there exists a great jeal o,.1 SAR 4-maqery conta,"nira

sn',ps an d tu rb ulIent1" w a k e -I4Ke f ea tur e s, t1,here are very few :-ases

.qnene the wake-generating sn-.o parameters and wind -conrd ýt".-,n s -qe -e

Me,~cumete, ne excepti4on is the SAR data collected durnan tne

!983 -.e-rgia Strait, E-xperiment. Whe required snIp parameters for -ur
mac-el are length, beamT, and speed. Su~rface 44nd soeed -and d4ire.tI-r,

are aso -necessary 4 n)uts . Ojuring portions of -~e :-eorgi,,Stra-t

:-;xer~rmert, tne N4avy tuCuaoaw 4as mak4ing cnrle -unrs as :oar,:
of a snp waesuy uigthese "-jns, tq hp pe as -e)

conrstan~t and the surf ace oo'.n 0 condi tions mere mon.I tored.
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Dresented in Figure 7 is an L-band Image of the CuaCaw and its

wake wrich was collected during tie 11983 Georgia Strait e~xperimerit.

The stern waves and turbulent wake generated by the OuaDaw are

clearly visible. The approximate wind conditions during this run" are

shown graphically on the image. 00-~ kilometer aft of the ship's

location ai Ong the line A-A' indicated on Origure 7, radar backscatter

values were extracted and are shown plotted in Figure 8. fheSe -ne!-

surermerts indlicate a peak in rad~ar ifltens~ty at the upwind edge cf

the wake feature which is 3tcut 11 dIB above the minimum intensiý./

level at the iake center. A S4im:ulation of this wake was oerfcý,me-,

correspnoina9 to thils 1ccat .-n . The paramreters we used 4:n tlhis s

lation were consistent with t-.1 Cuapaw's during the ,un and4 were

based on the fast vortex decay model discussed by Swanson (1984). 'ýe

allowed the separation of the vortices [b in Eq. (6)] to vary to

match the width of the observed wake feature. Tehe surface current,

profile for this simulation is Shown in Figure 9(a). The correSA~ond-

ing spectral perturbations which were simulated foAr this case are

presented ýn Figure 9(b). Thnese were generated for d surface Nave-

iergth cof 30- cmr which is approxirrately thie Bragg wav~encrth for *_-e

jat-A stuiiedý. Ficure 9(1b) can te interý)reted as the i~rOl ano wa,,

be", I t-a~In "ro righ 1.4.go leftL en*ter~rg tne curre2,.t at-

oboteo i. Fiure9(a). These res.2:sincteasrg ste

Qertjrtat,,.fl at the location of tne max"%um adverse cur -t, I" -

-axýmum negative perturbatior where thýe waves and current are in tne

samre dilrection and the current is a -maxirum. Olownwind cf this ooint,
the Naves gradually return to 1.. b'ui

A crn~nisn btwen t.~predicted anactuadl racar t5tC

frthis make featujre iss iw n -ýioure 1'. The sim;uiatea '-3a!a

intensiti:es yere 3btainred ty convertino the spectral perturba-:r:ns

shown pottec 'n ;7gure 3,a'; '3 eq-uivalent, bac-<citter :h'anqes

decibels ising the relationshic. 94ven pre'1icusly as EQ. s. e

vert'ýCal an.-' :,.onizontai positicn of the 1>-o ;)ot was adjusted to

16
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Figure 7. L-Band Digital SAR Image Collected During the 1983

Georgia Strait Experiment; the Location Where Backscatter

Measurements were Perforned is indicated by the Line A-A'

17
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Figure 8. Radar Backscatter Scan Across A'-A as Shown on Figure 7
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igure 9. (a) Surace Currents Calculated for Line A-A' Shown 4n

Figure 7, and (b) Spectral Perturbations of 30 W aves

for the Current Profile in (a),
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Pig-ure 10. Grao-ical, ýomvvar' son of Precicted Radar B.3ckscatter

Variation Based on Vortex Model (dashed) and Actual

Backscat*ter "leasurerinets (solid)
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achIeve tme Oest agreement based or visujal observations. "The close
Agreement between the predicted and actual data is obvious.

Some notes of caution should be made regarding these results.
The parameters we used in our mode! wereadjusted to matcn the

observed data, however, they 'were very close to n-hat ve woujh have
predicted for the Quapaw. The oint we are trying to make in this

discussion is tiat the vortex wake model discussed in the previous

section can be used to help explain ship-generated waKe features.
:e use the r 4swt discussed above as justification For using thns

",o eel to predict expected eadar si4ratures for different shie nnsh

radar pararmeters under I variety of wind conditi ons. 'his S _e

topic of the next section.

2.2.2 MODEL "EOC:!OINS

One coal of developirg the modal described above was to be able
to predict the detectability of vortex wakes from various ships for a

variety of different wavelength radars and surface wind conditions.

Predictions of this type would also he'p define an optimum radar Sys-

term for vortex wake detection.
*wo Ship a�ses were used ncur smuidtions CmrresOondinu to

ase Case , in S8anscn 4934> These corresoond to i s-a".

•ve <l oton displacement .eritarv shrip and a 5q 0'0 loton diso.ce-

tent sepert3nker. The parameters for each of these t•j sr-ps are

given in Ta30e I.

*ne Cecay characteristics of vortex-generated Surace currea.ts

w tn tistance aft of the generati-g snip were calonatec y Swans.n

1'O4)' hr the t-No snips Ne mcdelec and are shown olettec
g1cur ,. [t % nterest'nc to note from tnis olot t"at t:e rear-

.ar: ax-a: turrert, a-tnougm sr a&Ter ieitia•y, ec ays -cre sC,

"7 an :fe b'.....eate, lateral cjurents and ever..t.u i • 'rerw'
nia~nit~oe. :nclusior of axiaa currents ir a .ore corprenens.,e

-oce.*t-q effo-t is one -ecctrecdatior restir; trcm t rs worK.

21
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TAKLE I
S-1AAP•Y ,F SHI2 PARAMETERS 'Sr" :.N VORTEX SOYU''23NS

5 Kiloton Sh:. SOO Kiloton Ship

(Case 2'eCase 3)

Velocity 0 O0 s 7.5 '//s

Length 100 m 400 0

neam 0V m 68m

Oraft 5 , 26 m

Cis p acement S Ktcn 500 Ktor
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Cne set of simulations were generated for the five kiloton ship

corresoonding to a location one kilometer behind the ship. The peak
'ateral velocity from Figure I1 is about 3 cm/s. 'e adjusted the

vorticity in our model to produce similar currents. The remaining

parameters in our model were fixed at the values pi"edicted by theory.

The surface current profile for this case is shown plotted in

Figure 12. The detectability of these features as a function of

radar iaveiength are shown p'otted in Figure 13 for wind speeds of
,• 1 .5, 3, 6, an 12 -/s. The surface wavelengths we considered

incliued 3.2, 5.7, 25, and 'C0 cm. At 30* incidence angle, taese

would correspond to the Bragg wavelengths at X-band, C-band, L-tanz

and 100 CM, respectively.

The parameter we have plotted in Figure 13 is lefined as the

abSolute value of the maximum negative spectral perturbation pre-

dicted by our model. This parameter was selected for several rea-

sons. Examination of historic SAR data sets clearly demonstrated

that the turbulent wake-like features we feel are related to a vortex

mechanism are visible due to a decrease in radar return (neaative

soectral -erturbaticn) aft cf a snip and rot due to an inc-ease
raýar backscatter along tre eoges 3f the ai Ae, -r o- e.

ass.res a saturated Phi!•ips spectrum as t*e initi4 a r;aert.rben

cod't.ons, it 4s unclear now tnis spectrum car be ennarcec before

the onset of breaking. The detectability of spectral perturbations

• SAR imagery is discussed in aetail in Appendix A. For Our our-

,oses, a spectral perturbation of about 0,15 appears to be the tnres-

n01 of detectability. This value ;s :ndicated on gigure 13 by
dasrec line

"The results plotted in Rigure 13 show that two effects are occur-

q'c. Mhei relaxation e'fects are not inc'uaed C .1 r/si, tne

sýortest naves s.-cw tre raxfrnum aertjroaticn "y the vortex-gener~ted

sur'ace currents. Then -elaxation effects are included, tne pertjr-

:at on of the snorter nave'engths 's snarolY reduced. This ;5

24
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because iaves of these lengths quickly relax back to their ecui-

librium values, In our model runS, we used a grid spacing of 3 mP

corresponding to the nominal resolution of existing airborne SAR sys-

tems. At longer wavelengths, the oerturbations caused by a oiven

current are smaller than for shorter wavelengths, but the relaxation

effects are also reduced. This is illustrated in Figure 13 for the
100 cm 4aveiergth case. The perturbation of these waves is smaller

than the shorter waves for little or no wind, but it does not chance

significanrtY as 4ind effects are imcluded. One word of caution

snouCl be included. %ur todel assumes a saturated Phillips spectr..m;

past radar and surface measurements have indicated that this assump-

tion is justified for X- and Ly:and (3.2 and 25 cm) wavelengths; it

nas not been demonstrated for 100 cm waves. It should also be noted

that the low wind speed simulations may not represent a realistic

situation due to the lack of background signdl.

A second set of simulations were generated for the 500 kiloton

supertanker case corresponding to a 'ocation five kilometers behind

the ship (Case B. The peak lateral current velocity for this case

1S acout 12 cr,"s as shown on gigure U. We aqain adst ed e

vcrticity in our model to oroduce similar currents. The remai.t.nQ
parameters 4ere fixed at values predicted l' theory. The surace

current Proiie calculated for this case is shown olottec

; igure 14. The maximum spectral perturdations caused by tnis current

field 's shown in Figure 15 as a function of surface wave.engtr anj

int soeed. Due to the large currents associated with this c-se,

our -ode' could not be used for tne zero qnnd case or for .re ¼vo

snorter Navelength examoles. However, the c ases whic wer e n
iitstrate tne i..ocrtant points.

zimilar t the Case 1 stucy presented above, the scectral cer-
turoat.or~s caused d'y the vortex-related currents is a maximum •t

shcrter mavelenztns for ,erv low w•nd sceeds and at 'Onqer nave-
:egtins for nigher 1iýd speeds. *n contrast to tre Case I results

27
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Figure 15. Perturbations Caused by the iortex-Procuced Surface

Currents in Figure 14 as a Function of Wave!ergt~h
and Wind Speed
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presented in Figure 13, the negative perturbation of 100 cm waves is
very hign for low wind speeds but decreases fairly rapidly as the

wind increases. Recal, that for Case 1, the spectral perturbation of

the 100 cm waves remaired nearly constant for the wind speeds con-
sideread. It is also interesting to note that the perturbation of

the 25 cm waves for this case is greater than the Case I perturba-

tions at ".5 and 3 m/s wind speeds, but less than the Case 1 pertur-

Uations for 5 and 12 rn/s winds. These results can be exolained •iti-

in the context of our xocel.

&t erv low Wind speeds, the spectral -erturbation cf surface

waves is proportional to the surface current velocity. At very hign

wind speeds, the spectral perturbation is proportional to the strain

rate(du/dy). which is the spatial derivative of the surface current

profile. At intermediate wind speeds, the spectral perturbation is

proportional to some combination of ý.urrent and strain rate effects,

The wind speed at which the strain rate becomes important depends on

the surface wavelength being considered and occurs at a lower wind

speed for short waveS. In the observations above, the surface cur-

rents in Figure 12 qere only about One-tnird as lar-e as those i-

gure 411, cut the strain rates were abcut twice as la-ce. The 1'

that ce certtrtation of tne 100 cm waves ir týe Case s t

rema.n nearly constant indicates that the relative magnitide of the

current and strain rate effects are approximately equal. The

decrease in spectral perturbation of the 100 cm waves for Case 3 as

the wind speeds increase indicates that the strain rate contribution

ýs ..ec.mng important. Fina.ly, the fact that the perturbat"on cf

the 21 cm -nwaves is greater in the -ase , st..y for wind sPeeds of 5

and i12 r/s, even though the surface currents were smaller, c'ear:/
indicates tnat f-r this wavelength arca those wind speeds, the str~i'•

rate is tne zominant factor.

A t"r rd and finali set of simulations were generated ."zr the •CC

:ioton srertanKe- c!se .^Ase 3) corresooncinq to a Icca-ion Ie-

30
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'<ilometers behind the ship. The peak lateral current veloci'y For

this case is about 4.3 cm,/S as shown on Figure 1., The -orticity in

our Model was adjusted to0 match these currents, The remaining ýara-

meters were consistent with the previous set of simrulatilons. rThe

surface current profile for this case is shown plotted in Figure 1.6.
The spectral perturbations caused by these current fields is Shown in

;igure '17 as a function of wavelength and wind speed. These resulIts

are what -te would expect based on t-he discu-ssioni above. Both thie

surface currents and strain rates are only about one-thiirdj of t~neir

valujes in tme previous set o-f simulationis. This reduces the s~ectra'

-ertjrkati,on5 at ý,Oth low andi high wird speeds.

A f inal p~lot was produced whi ch ilustrates, the spectrall pertu.r-

bations caused by vort'.ex-rel ated wakes as a f uncti on of di stance af t

of t.he gener at ing sh ip, This plot is shown as Figure I8 and was

generated from,,l the Case 3 simnulations discussed above. These pertur-

bations correspond to locations 53 and .0 kim behind a Supertanker and

are plotted for 25 and 100 cmn wavelengths and wind speeds ranging

from 1.5 to 12 rn/s. These results indicate that the spectral pertu'r-

tat'ors sign4'ficanltly lecrease duL;e t o the decay of th.e vortex-

gener ated surface currents. Thnese results irdicate that 25 cm-, sur-

face waves 'Aou'd rot oe .'etectable atl either loccation under 12 -

Winds. At I10 k m b e h ind t:h e sh 4.p, tI h e 25) cm wav es woul1d iot t e

djetectaoe wi th 6 or 12 n/ s wiýnds and only imarginal ly detectabl e 4--r

3is. The i00 c.- surface waves wou'd only be marginally detecteo at

the 13km posilt~on for 142 ml/s winds.

nie sý;-ulatilcns presented abo-ve have iro~cated several trncrs.

A, -very low 441nc speed~s, the spectral oerturbations associatel -- !

snipn-generatea iortices arc a -iaximum. ';.r shorter wave' enaths. A

wqind. speed increases, vave arowth or relaxation effect's c3,.se 'ne
oertur~baticon 31f the sýýorter Naves to djecrease sharp'.v. Al thcujh~in

ire not as stru;ncly pertjro.ed for a given current pattern at ½;w ~~

speeds. lcnqer su r fac e w4aves are m.o re -2 nser~s~tive to -, e2axat":n
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effects and offer the possiility of detection at higher wind speeds.
Ideally, one would want a sensor which would be sensitive to the

short waves under low winds, and longer waves for higher wind speeds.
One possibility would be a multiple frequency SAR system.

The results of our simulations also indicate that the type of
ship generating the vorticies also determines their detectability.
At low wind speeds, the spectral perturbation of surface waves is
proportional to surface currents, which in our model are proportional

to ship velocity and beam and inversely proportional to the squure
root of the length, At higher wind speeds, the spectral perturbation
is related to the strain rate. The strain rates would be highest for
those cases where the vo-ticies shed by the Ship have not spread

apart significantly, This would be true for narrow ships with high
velocities.

The reader should be cautioned that the model we have used above
is only a first-order approach to the problem. The effects of-the
rearýv-.,rd axial current should be included as part of extending the

model to two dimensions. We would also like to include SAR imaging

considerations into the model such as motion effects, scatterer
coherence time, and variable resolution.

2.3 AOODITiONAL IM.GERY

Presented below are several SAR images of ships and what appear
to be turbulent wake features. Very little is known about the ship
P~rameters in these images or the surface wind conditions during the

Wdata collections. This limits our discussions of these images to a
general qualitative nature.

Figure 19 represents simultaneously collected L-and X-band SAR
imagery )f a ship towing a barge. In eech image, a turbulert wake

feature is observed aft of the barge. In the L-band image, the wake
feature is observed to have a bright edge and a band of reduced
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L Band

X-Band
1 km

Figure 19. L- and X-Band Optical SAR Imagery of a Turbulent

Wake Feature Collected 2 November 1978
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cackscatter wnr i gradually returnS to the baCkgrcuna inte.nsity abot

5 km aft of te barge, I, tie X-band image, a narrow ri--nt- arm Is

observed ard also a very narrow dark return area extending to about

4 km behind the ship. We be'ieve that the wind directiocn for these

data was towards the top of the page. This is bacec on the briht

arms observed 'in tie Kragery wnere we feel the vortex-induced cur-
rents and wind-generated cap-ilary waves are in opposit 4on. 'e race

a rough attempt at mojel ing these features oy assumtig a current

pattern of the same 'or- as -^ase I in the Drevious section. 11 our

model runs, we assumed a wird soeed of only I m!s. The sur'ace cu-

rent profile and 'ipectral perturbations predicted oy our maoel are

shown in Figure 20 'or the L-b-;! Bragg waves. The model'ed spectral

perturbations jual tatively agree with the image observations, that

is, a narrow line of increased backscatter on the assumed upwind side

of the wake and a broader region of decreased tackscatter downw'-.d.

The modelled perturbations for tie X-bard Bragg waves are presented

in Figure 21. These results do not agree as well with tie imacgery as

the L-oand, but nevertheless, several points can bq made. *he model

aces not pred•Ct tie bright narrosw arm on the assc,:,ed uPw'fld se 7

the wake whic h• is observed in tre data. ýe do mot 9 ,'iy underStat

tnis t t th'm'k that the SAR r-Tay 1e sensing snort qaves createdi Thý e

eKe a ing of longer waves. T mode does pred '.t the nan-ow I re cC
decreased bacascatter ooserved ir tie imagery, The Structure of tie

tcded• perturbations in Figure 21 indicates that there -may e cases

Mnere two 1ines of decreased backscatter extend benind a snip ' ith

the Aater between them hav4ng re.,axed tack to eauiitr'ium, This has

in fact been observed in nrrerous cases and is re-erred to as t-rbd-
.et saKe sptt'•ng. An examole is shown in Figure 22.

A Seasat SAR nmage o' a ;hio in the Gul of ' &aska is sowrn '

23 32. -h his par tcuar 'raqe 's from -u ana Hc t :7•" %?),"r

they 3oec•late that the ship ; s an ci' tanker itn a v<s%'e turbu-

,ent aKe sl to K1 km ben'nd tone s r,. o inc soeeds c about S m,
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Figure 20. Estimated Surface Current Profile and Modelled

Spectral Perturbations for L-Band Bragg Waves
Corresponding to Figure 19
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Figure 21. Estimated Surface Current Profile and Modelled

Spectral Perturbations for X-Band Bragg Waves

Corresponding to Figure 19

39



[RIM RAD.AA D .IVISION

0 1kmr

Figure 22. X-Band Optical SAR Image Indicating Turbulent Wake

Splitting (Pass 2, 3 November 1978)
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'W IV

5 km

Figure 23. Seasat SAR Image of Suspected Oil Tanker in the

Gulf of Alaska (after Fu and Holt, 1982)
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were measured during this data collection. Using the Case 3 current

profile corresponding to 10 km behind the ship, a peak spectral per-

turbation of 0.06 is found for these wind conditions. Earlier, we

qualitatively determined that a spectral perturbation of 0.15 * 0.05
was necessary for detection of a wake feature in SAR imagery. Recall

that Seisat SAR data was typically processed to four looks; this
reduces our detectability requirements to about 0.075 * 0.025 so our

model results appear consistent with the image observations.

1wo X-band SAR images of ships and their wakes are presented in

Figure 24. These images are both from the same pass of data sepa-

rated by about 20 km. The wind speeds during the collection of these

data was very low, in fact, visual observations during these flights

indicated that the ships were the only source of surface roughness.

The ship in Figure 24(a) is displaced from its wake due to its range

velocity component. The speed of this ship has been estimated from

this displacement at about 10 m/s. The radar return behind this ship

is concentrated into two narrow lines extending aft of the ship. In
Figure 24(b), the radar return behind the ships consists of a region

of slightly increased backscatter. The Doppler displacement of the-se
ships indicated speeds of about 6 m/s. Recall from Section 2.1 that

the magnitude of surface currents associated with ship-generated

vortices is directly proportional to ship speed. We feel that the

higher speed of the ship in Figure 24(a) is creating higher surface

currents which concentrate the ship-generated roughness along two

narrow lines corresponding to the vortex locations.

Our final example is ar X-band optical image of a large ship in

the Norwegian Sea presented as Figure 25. We have estimated the wind

speeds as 10 mis during the data collection. Observed on the image

are the two arms of the Kelvin wake and two br1ght narrow lines

extending behind the ship. At these wind speeds, the perturbation of
X-band Bragg waves due to wave-current interactions is close to zero.

One possibility is that the wake features in this image are due to

the generation of Bragg-scale waves by the breakiing of longer waves.
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Figure 24. X-Band Optical SAR Imagery Collected During Very

Low Wind Conditions of (a) a Relatively Fast Moving

Ship, and (b) Slow Moving Ships
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I km

Figure 25. X-Band Optical SAR Image Indicating Wave Breaking

Due to Vortex Current Interactions
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2.4 RESOLUTION EFFECTS

In addition to the radar wavelength dependence of SAR ship wake
detection, the resolution of the SAR system being considered will

also determine what ship wake components will be detected and to what
degree. To study the effects of changing resolution, a digital

L-band ship wake image collected during the 1983 Georgia Strait

Experiment was reprocessed with a reduced bandwidth corresponding to
Seasat parameters. The original full bandwidth image is shown in
Figure 26(a). This image has a 'esolution of about 4 m in both slant
range and azimuth. Visible in the image are the turbulent wake,

stern waves, and both arms of the Kelvin envelope. For a general

discussion of these various components refer to Lyden et a!. (1985a).
This image was reprocessed with reduced bandwidths corresponding to

one-look Seasat resolutions of 8 x 7 m in slant range and azimuth,
respectively, and is presented as Figure 26(b). At these reduced
resolutions, only the turbulent wake is visible, and its detect-

ability has dropped relative to the full resolution image.

A comparison of actual Seasat imagery with simultaneously-

collected aircraft data of a ship wake is shown in Figure 27. These

data were collected in the Georgia Strait in 1978. Stern waves are
faintly visible in the aircraft data as well as a clearly defined
turbulent wake. Only a very faint turbulent wake is visible in the

.3aasat data. A comparison of these data with the aircraft and

aircraft-simulated Seasat data in Figure 26 reveals several things.

In both cases, stern waves were visible in the aircraft data but not
in the Seasat case. Turbulent wakes are also clearly visible in the
aircraft data, but are not as clearly visible in the Seasat or

Seasat-simulated data. This comparison clearly illustrates the
effects of resolution on the detectability of subtle patterns, and
also shows that these effects can be simulated by appropriate proces-

sing of high resolution aircraft data,
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260 Mn
(a) L-BAND DIGITAL AIRCRAFT DATA

(b) SEASAT- SIMULATED DATA

Figure 26. L-Band Digital Aircraft SAR Data Processed to

(a) Full Resolution, and (b) Simulated Seasat.

Resolutions
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lal L-Band Aircraft Data
1 km

I bi Seasat Rev 474 1k

Figure 27. Coincident L-Bdnd SAR imlagery Collected by

(a) Aircraft, and (b) Seasat
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The ability to simulate satellite ship wake SAR imagery using

existing aircraft data is important for several reasons. Simulations

of this type can be used to determine resolution requirements for the

detection of various Ship wake components. An example, would be to

determine the resolution necessary to detect the stern (transverse)

waves visible in Figure 26(a). This could be accomplished by

repeatedly processing this data at coarser resolutions until the

stern waves disappear. These simulations can also be used to predict

the ship wake signatures which can be expected from future satellite

Sys-.Ms.

2.5 DETECTION APPLICATIONS

The final study we performed as part of our ship wake analysis

was to examine the Fourier transform ot a ship wake image for unique

characteristics which could then be used in an automated detection

algorithm. The ship wake data we used in this study was collected

during the 19e3 Georgia Strait ExperirnenL and is presented in

Figure 28. The wake feature in this image is composed of two bright

narrow arms which are modulated by the stern waves. This image was

fast Fourier transformed and the resulting spectrum is displayed in

Figure 29. These results are displayed in wavenumber space so that

the center of this image corresponds to zero frequency or DC, with

increasing distance from this point representing shorter wavelengths.

The horizontal and vertical scales on Figure 29 are different because

we transformed a rectangular rather than a square region. Several

features are visible in the transform. Two lines of low-frequency

energy are present curresponding to and aligned perpendicular to the

narrow arms in the ship wake image. These are what would be expected

if the arms in the image could be modelled as solid lines. The spec-

tral resolution of this transform allows these arms to be dif-

ferentiated. There is also a well-defined spectral component which

is nearly vertically-alignec with a wavelength of about 35 m. This

48



N-Y RI M RADAR DIVISION

500 mn

Figure 28. L-P.~nd Shio Wake image Used in Detection Studies
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Figure 29. Fast Fourier Transform Magnitude Spectrum of SAR

Image Shown in Figure 28
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Is the modulation we have associated with the 35 m wavelength stern

waves. These waves travel at the same velocity as the ship generat-

ing them, thus, they are very monochromatic for a constant velocity

ship., With some pre-filtering, to remove noise effects, this com-

ponent could be enhanced. Since monochromatic waves at engths of

30-60 m are not expected in the open ocean, this compoant being
present in Fourier transformed SAR data may indicate shi,)-generated

stern waves.

A subset of the ship wake image discussed above is shown in

Figure 30. This subset was extracted from the inmage shown as

Figure 27 and its Fast Fourier Transform (FFT) was calculated. The

spectrum of this transform is presented in Figure 31. Several
interesting features are present in this spectrim. The wake arms are

not resolved as they were in Figure 29. This is because spectral

resolution is de*-aded as the area being transformed is decreased.

Again, there is a significant component at about 40 m wavelength

which is associated with the stern waves.

The work described above is very preliminary in nature.

Additional work in this area would include modelling the expected

transforms of ship wake fhatu-es, and seeing how the modelled results

compare with transforms of ratural phenomena. This would provide
insight into the uniqueness of the sh:p wake features. Other tech-

niques besides the Fourier transform should also be investigated for

automated detection applications.
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Figure 30. Subset of Ship Wake Image S!own in Figure 28 Used

in Detection Studies
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Figure 31. Fast Fntuyier Trdnsform Magnitude Spectrun of SAR

:mage Sinown in Figur: 30
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3
CONCLJSIONS AND RECOMMENDATIONS

The primary purpose of this investigation was to study the dark

wakes observed in SAR imagery behind moving ships. A first attempt

has been made at using a hydrodynamic model ýor surface currents

associated with shOp-generated vortices as input into a wave-current
4nteract-ion model which predicts a spectral perturbation of the wave-

iengtn under C:nsideration. These simulations were performed at

Maveiengths corresponding to the Bragg waves for various radars.

Spectral perturbations of their Bragg waves are what radars are sen-

sitive to. For the cases considered, the simulated wake signatures

generally agreed to those observed in the a,tual data. Our results

indicate several things.

The spectral perturbations associated with a vortex-related sur-

face current pattern are larger at shorter wavelengths than at longer

wavelengths. Therefore, at low wind speeds where wind effects are

negligible, a vortex-related sjrface current pattern would be -ost

detectabie by a radar wh4ch was sensitive to shorter waves. :n

h igrer •ind coditions, the shorter wavelengths regenerate more
i;c k Iy Than the longer wavelengths. Therefore, although the

ýortex-reiated sirface currents have a greater effect on the sncrter

waves, these waves quickly return to saturation. This return to

e:.z:r,.m occurs over a fraction of a typical SAR resolution cell

thereby mask ing any current-related features in the imagery.

.Altough longer surface waves are rot as sensitive to surface cur-
rents, they regenerate more slowly in response to wind. heref.ore,

at nigner aind speeds, a vortex-re'ated surface current pattern wou'!

be most zetecTable by a radar which was sensitive to longer waves.

:ceal''y, ore would want a radar which would be sensitive to the short

waves uncer low 44nds, and longer waves for higher wind sceeds. Ore

possi.z:1,ts iould( oe a multip'e frequency SAR system.
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The reSults of our simulations "Iso indicate that the tyoe of

ship generatino the vortices determines their detectaoi'ity. At .ow
cind speeds, the spectral perturbation of surface waves is propor-

tional tc surface currerts, which in our model are proportional to

ship velocity and beam and inversely proportional to the square root

of the length. At higher wind speeds, the spectral perturbation is

related to the Strain rate which is the spatial derivative of the

surface current profile, Strain rates would be highest for those

cases wrere tne vortices shed by tre ship have not spread apart s~g-

nificantlv. This would be true for narrow ships with ir

velocities.

Recommendations for future ,ork in this area wculd be to include

the rearward axial current into our model and to extend this model to

perform two-dimensional simulations. This rearward current is
initially smal'er than the vortex-related lateral currents, but

decays more slowly with time. %e would also like to include the

effects of coherence time, scatterer motion, and variable resolution

in our model.

Otner analyses Minch qere performed as part of this stuey >-

cijded examining tre re'ationship between SAR reso.,tttn a3 :-c e

i'sioi.ity cf various ship wake components. This was done by proces-

s'ng aircraft SAR data of a ship waKe with a reduced bandwidtn CCr-

responding to the Seasat SAR. A comparison of the two processirgs

indicated that many of the ship wake components were lost at tte

coarser resolutions. A :omoarisf;n of sYmu'taneously collected ai,-

craft and Seasat SAR data indicatea that cjr Seasat simulation pro-

tuced reasonable results. Jsing existing aircraft data, we can •se

tnhs approacn to predict qhat ship wake features future satel!;te

SARs s'iould ne able to detect as 4el. as nelo to define reso'ajt.o

requirements for future SAPR esign.
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The fi-a' cart of this study examiined the rourier transform of

SAR ship vake imagery for unicue information which could be used in

automated detection algorithms. Results of this study were incon-

clusive but indicatea that there is some information in the ship wake

image transform which may be unique and be able to be used for

de•,ectionl purposes. RecofendlationS for future research include

mode 11 ýig observed ship Make signatures and their transforms and co:-

paring these to targets which would be expected to occur ratural.y.
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APPENDIX A
SAR DETECTABiLITY OF SURFACE WAVE PERTURBATIONS

The detectability of vortex wake-induced current patterns by SAR

depends not only on the spectral perturbation of the Bragg wave-

lengths caused by the currents, but also on the size of the perturbed

region and the resolution and speckle characteristics of the SAR

system. Presented below is a brief discussion on how these various

factors influence the detectability of vortex-related patterns in SAR

imagery. Several image simulations are presented which help illu-

strate these effects.

The model we have employed in our vortex wake simulations calcu-

lates the spectral perturbation at a specified wavelength due to

interactions with vortex-induced surface currents (see Section 2.1).

Spectral perturbations of the Bragg wavelengths are assumed to be

directly proportional to changes in radar backscatter. The detect-

ability of these backscatter changes in a SAR image is dependent on

the magnitude of the spectral perturbation, the extent of the per-

turbed region relative to the SAR resolution, and the speckle char-

acteristics of the SAR system.

Simulated SAR images were produced for the spectral perturbation

pattern shown in Figure A-i. This pattern consists of different

width lines with spectral perturbations ranging from 0.0 on the

extreme left of the pattern to 0.5 on the extreme right side. The

vertical width of these features ranges from two pixels at the top

of the pattern to 16 pixels at the bottom. Intuitively, the detect-

ability of these features should increase with size and spectral

perturbation.

The simulated SAR image presented in Figure A-2 was generated

assuming a resolution equal to 2 x 2 pixels and one-look speckle

statistics. Recall that speckle is a multiplicative noise effect

which arises due to the coherent nature of SAR (Porcello, et al.,
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Figure A-1. Spectral Perturbation Pattern Used in SAR Simulations
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Feature

6

Figure A-2. One-Look Simulated SAR Image Illustrating the

Detectability of Wake Features as a Function )f
Spectral Perturbation and Width
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1976). This image indicates several things. The narrowest perturbed
region is not visible in the image, even fo,, the highest perturbation
values. The wider features are detectable at various perturbation

values with the widest features being visible at the smallest pertur-
bations, To accurately determine at what perturbation a feature in
this image becomes detectable, the image should be examined from left
to right with the right hand portion (large perturbation region)

covered. From Figure A-2, it appears that a perturbation of about
0.15 * 0.05 is detectable for line widths greater than about 6 reso-
lution cells. A four-look simulation of the pattern in Figure A-I is

shown in Figure A-3. The resolution for this simulation was again
assumed to be 2 x 2 pixels. The standard deviation of the speckle
in the four-look data is reduced by a factor of two over the one-look

data. This improves the detectability of the various features. The

narrowest feature is now visible at high perturbations. The minimum
detectable perturbation now appears to be about 0.075 * 0.025 for
image features wider than six resolution cells.

Models of detectability based on matched filter theory
(Lyzenga, 1905) suggest that the index

0 1 dx dy] (A-1)

where (aa/a ) represents the pattern strength and oX0y represent

the SAR resolution, can be used to estimate detectability.

Specifically, a value of D in the order of 15 has postulated as a
threshold for visual detectability of internal wave patterns in cases
where speckle noise dominates the background visibility.

For a linearly increasing pattern strength as used in the simula-

tions presented here, the detectability index for the portion of the

pattern to the left of the position X may be written as

Ow F0[W/(X\ 31 112(A2
0(X) .n )
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Figure A-3. Four-Look Sinmulated SAR Image Illustrating the

Detectability of Wake Features as a Function of

Spectral Perturbation and Width
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where W is the pattern width, a is the SAR resolution, and Xo is

the position at which ae/ :a 1. Comparison of this index with the

simulated images shows that the patterns become visible where D t 4,

which iS the theoretical limit for detectability using a matched

"ilter. The reason for the lower apparent threshold of detectability

for these patteers (as opposed to internal wave patterns) is their

simpler shape. That is, a pattern consisting of a single line is

more easily detectable than a more complicated pattern having the

same perturbation strength and area.

Our final simulation also corresponded to the perturbation pat-

tern shown in Figure A-I, bvt was performed assuming a resolution

equal to one pixel and one-look speckle statistics. The, esulting

image is shown in Figure A-4. This image appears very similar to the

four-look simulation in Figure A-3, even though the variance is twice

as high. This is a result of the viewer's eye perforhning the non-

coherent integration (mrulti-looking) of the imagery. The image shown
in Figure A-4 would be identical to Figjre A-3 if it was smoothed

using a 2 by 2 pixel boxcar filter. In other words, this image is

thp one- 1 )ok equivalent to Figure A-3 (i.e., both images have the

same bandwidth). The four-look eauivalent to Figure A-2 would have a

resolution of 4 by 4 pixels,

In 3ummary, we have performcJ the simulations presented above to

chow the effects of ta-get size, SAR resolution, and speckle, on the

detectability of features with varying spectral perturbations. These

simulations show that features become more detectable with increasing

size, increasing spectral oerturbation, and finer resolution or in-

creasing number of iooks.
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Figure 9-4. Higher Resolution One-Look Simulated SAR Image

Illustrating the Detectability of Wake Features as a

Function of Spectral Perturbation and Width
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